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SUMMARY

Object. - To investigate the relation between the knock limit
and ths blend composition of aviation fuels wien tested under super-
charged conditions in an air-cooled aircraft-engine cylinder.

Scopes ~ The relation between hlend concentration and knock limit
for two-component blends was investigated for pairs of the following
fusls: two commercial gasolines - 130-grade aviation fuel and
62-octane fucl; four paraffins - aviation alkylate, S-3 reference fuel,
L-l reference fuel, and 62-octane fuel; one olefin - diisobutylene;
one naphthene -~ cyclopentane; and two aromatics -~ toluene and ben-
zens. Tetraethyl lead and xylidines wore added to the componcnts of
some of the blends. All tests were conducted with 2 Tratt &

Whitney R-28C0 cylinder at an engine sp-=d of 2000 rpm and an inlet-
air temperature of 200° F. The blending ralationships previously
investignted for the small-scale supercharged engines were applied to
results from the full-scale aircraft cngine cylinder and extended to
include blends of benzene, aviation alkvlate, and 62-octanc fuels.

Summary ol results. - Mo gencral conclusions arc drawn from the
limited number of tests, but the followina results were observed:
The reciprocal of the knock-limited indicqted mean effective pres—
sure of the binary fuel blends was a linear function of blend compo-~
sition for paraffinic fuels when tested at a fuel~air ratio of 0.10.
Thie result was also true for blends of paraffinic fuels containing
benzene, tetraethyl lead, or xylidines for a constant concentration
of one or more of these three materials in the blends. Data taken at
fuel-ailr ratios of 0.07 or 0.075 did not correlate well with the
derived reciprocal relation except in three cases., Binary blends of
diisobutylene, cyclopentane, toluene, or benzene with paraffinic
fuels did not follow the reciprocal relation at either rich or lean
mixtures.
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Test data for trinary blends of benzene, alkylate, and 62-octane
fuel at a fuel-air ratio of 0.10 agreed well with an extended equa-
tion relating the knock limit of fuel blends to the blend composition.

INTRODUCTION

An investigation of the knock-limited hlending characteristics
of aviation-fuel components that are in current use or are contem-
plated for future uce 1s being conducted at the NACA Aircraft Engine
Research Iahoratory. Tho anproach to the problem of blending charac-
teristics of fuels being followed is to uxamine the fundamertal
relationships and the experimental data involved and from these
factors to formulate blending equations that will apyly to the exper-
imental data and at the same time will have certain physical justi-
fication.

The first analysis of the problem as presented in referenco 1
pave the following result: When the knock 1imit of a fuel blend is
determined in a supercharged tost ensini, the knock 1limit of the
blend at constant funl-air ratio ls related to the knock limits of
the components at tins: same fusl-air rotio by th. followines equation:

N N I
-l-—]—.+-—2-+—2+noo (1)
5N PF P P5
rhers
Py knock-limitecd indicated man effective pressure

of bland

P1s Py 53, e +» o knock-limited indicated mean cffcetive prossures
of componcnte 1, 2, 3, « ¢ « , ruspectively

Nl, Nz, H5, e « o« mass fractions of comroncnte 1, 2, 3, o« o »
raspectively, in thz bland

Thz data presented in roforence 1, slthourh admittedly meager,
indicatsd that this rclationship did anply to tlunds of S-2 and 17-3
in the OFR enginc¢. Heron -nd Beatty (ruference 2) had proviously
obtained th. same results in tests on a CMR enginz. A theorctical
gxplanation of the acquation based on certain assumutions that have
not been proved is also presented in rofsrence 1.

The purposc of thc present rewort is to prisent data obtained
during Janmuary 19)4), in the investigation of the knock-limit=d blending
relation of aviation—-fucl com.oncnts when tested in a full-scalc
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aircraft-engine cylinder and to determine the extent to which equa~

tion (1) or modifications of this equation are applicable.
The Petroleum Administration- for War has published (reference 3)
a method of estimating the knock ratings of avistion-gasoline blends.
In this method the ratings of the fuels and the blends are converted
to index numbers; the index number for the blend 1s found.by making
a welghted average of the index numbers of the components. The index
namber is then converted back into a rating for the blend. No detalls
regarding the relation between the index numbers and the knocke
limited indicated mean effective pressures are given but a letter
from the authors of that report states that the index numbers are
linearly related to the reciprocal of the indicated mean effective
pressurss excelt for values corresponding to fuels having ratings less
than 90 octane number.

APPARATUS AND TEST CONDITIONS

Taests were cundiucted with a Pratt & Thitney R-2800 cylinder
mounted on a CUE crankcasse. Standard engine baffles were {itted to
the cylinder. Flight conditions in regard to temperature distribution
over th: cylinder were similated by placing epecial directing vanes
in the cooling-air stream jn front of the cylinder.

Theormocouples wern placed in the cylinder walls and the cylinder
head in such a way that a falrly completz temperature survey was
ohtained. The thermocouple used as a reference in controlling the
cylindsr tumperature was embedded in the rear spark-plug hoss.

Figure 1 is a dlagram of the combustion-air and the fuel~supply
gystems. The combustion air is metered through a control valve located
betwewn thc engine and the alr supnly.” An orifice installatlion, immo-
diately beshind the pressure-regulating valve, permits the measurement
of the quantity of air flowing., After leaving the orifice the air
passes through the air-heater unit in which the temperature is con-
trolled by bypassing part of the air past the heater. Tho heated air
passes through a surge tank with » volume of 15 cubic feet and then
into the vaporization tank. Fuel is injectsd at the top of the vapor—~
ization tank, The volume of the vaporization tank is approximately
30 timss tho cylinder volume. Baffle plates are placad in the vapor-
ization tank to assist th=z mixing of ths fuel and air. Vaporlzation
tests condncted previous to the work covered in this report indicated
that, under thc engine opsrating conditions veed in these tests, the
fuel was completaly vaporized before it left the vaporization tank.
The intake pipe betwean i vaporization tank and the cylinder has

an inside diameter of 2-5 inches and is approximately 2l inches long.

The inlet-mixturs temposraturs is mensurcd by a thermocouple located
in the intake pipe approximatzly 15 inches from the intake port.
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The fuels are supplied through two different fuel systems. Each
operates independently of the other. By means of the two fuel sys-
tems, binary fuel blends were tested without prior mixing of the fuel.
A check was made in which two components were mixed in a drum and sup-~
plied to the engine through one of the injection systems. For equal
blends, the knock 1imit was the same with premixing of fuel as when
the two components were injected separately into the vaporization tank
by means of the two injection systems.

Fuel is drawn from constant-head supply tanks and fuel flow is
measured by calibrated rotamsters. Each fuel system has two rotameters
of different ranges of flow connected in parallel. The rotameters
are ‘8o selected that a continuous fuel-flow range from 2 to 150 pownds
per hour can be mesasurad. OSurge eliminators of the Sylphon bellows
type are located between the rotameters and the engine to prevent any
surging caused by the injection pumps from affecting the rotamster
reading. Fuel is metered by a four-cylinder Bosch injection pump,
which supplies the fuel to a spring-loaded injection nozzle in the top
of the vaporization tank.

The fixed engline-operating coniitions were:

GOHIPI'ESSiOHratiO.--..-.-loco-oo--000-001607
Engine spoed, TOM e s « o « o o o« s s o s s s s s s s s o » o« o 2000
Tnlet-mixture temperatiure, OF o« v« « ¢ « ¢ o o o ¢ s o o s « & o & 200
Spark advance, both plugs, degrecs B:TeCoe o o ¢« s ¢ ¢ ¢ s ¢« o« s «» 20
COOlin.g—air temraturﬁ, O o o o @ S 5 @ o % o s 8 s 0 & v v . 50—80
0il pressure, pounds per square inch + » o o o ¢ » ¢ =« s » ¢ « &« 00
0Oil-in temperature. OF. e 8 8 o o ®» ¢ 8 @ 0 6 8 & s ¢ ® 0 0 0 0 o 185
Rear spark-~plug-boss temperature, F . o o« o ¢ = » s s « « o « o« 40O
Valve timings:
Tntake onens, degrees BeTeCo A
Intake closes, degrees AcBsCe o o o o o 5 ¢ o o s s o 0o ¢ s o o 12
Txhaust opens, dﬂgrees BuBeCu ¢ ¢ o o ¢ o o 6 0 0 28 s ¢ 0 « @ 75
Fxhaust 010338, def'rees A.T.C. @ ¢ & ® ® ® » & s s 8 8 5 0 e @ 17

Knock was detected with a magnetostriction pickup unit used with
a cathode-ray oscilloscope,

FUELS

Fuels from different hydrocarbon classes were selected for test-
ing in order that the different blanding characteristics of these
types of fuel could be determined. Tils report covers tests of the
following blends;
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Commercial gasolines:
130 grade fusl (AN-F-28, Amendment-2) and
-62~-octane fuel: (AN-F-22) plus L ml tetraethyl lead

Paraffins:
5-3 reference fuel plus 6 ml tetraethyl lead and
M-}, refersnce fuel plus 6 ml tetraethyl lead
Aviation alkylate and 62-octane fusl .
Aviation alkylate plus tetraethyl lead and .62-octane
fuel plus tetrasthyl lead

Olefin:
Diisobutylene and 62-octane fuel

Naphthene:
Cyclopentane and &2-octane fuel
Aromatics:
Toluene ani (2-cctane fuel
Benzene (95 = 98 percent benzene) and 62-octane fuel

Ben7ene anu aviation alkylate

Additive:
Aviation alkylate nlus ;.5 ml tetraethyl lead and
62-octane fuel plus .5 ml tetraethyl lead
Aviation =lkylate nlus totrasthyl lead plus xylidines and
62-octane tuel plus tetraethyl lead plas xylidines

TEST METHODS

The fusl componunts were tested in pairs as liste:d, Nixture-
responsa curves were ovtalned vhare possible for each of the tw com=-
poneats of ary given pair. During the determination of each mixiure-
regponse curve the data were nplotted on an engine control chart similar
to the one shown in figure 2. An explanrtion of the chart is given in
the appendix. Ths control chart facilitated the selection of test-
point spacing and also made possible the detection of errors in data
that otherwise woul:d not have been ilound until the data were computed.
In some cases, limited fusl supplies prevented the determinatiou of
complete mixture-ressponse curves.

After the mixture-response curve for each component »=s deter—
mined, various blends of the two components were tosted at corstant
fuel-air ratio. Blend composition was adjusted by oroportioning the
flow rates in the two independent fuel systems that supplied two
blend componsnts., Selection of tuel flows was accomplished with the
aid of a composition control chart illustrated in figure 3 wherein
the reading of the rotameter in one fuel system 1s plotted against
the reading of the rotameter in the other system.
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Advantage was taken of the fact that, for knock-limited condi-
tions at constant fuel-air ratio with fuels to which equation (1)
is applicable, the fuel flow in one system is a linear function of
the fuel flow in the other system, as shown in figure 3., The rotem-
eter reading at the kneck limit for the higher antiknock component
at the sel-~cted fusl-air ratio was read from the engine control
chart and plntted on the abscissa of {1he couposition control chait,
Uimilarly, the rotaweter reading for the lower-grade component was
read from the engine control chart and nlotted on the ordinate of
the compoaition countrol chart. The points on the ordinate and the
abscissa ware jolned by a straight line. When it was dessired to
test a uO-percent bdlend, the two Ansired rotameter readings were
raad at the intersacticn of Lhe straight line previocusly drawn and
the raiial line renresenting blends containing LO percent, of one com~
ponznt, Fuel flows were adjusted to give the desired rotamcter recad-
ings aud the inlot-air prassurs was increased until the knock limit
was roachuds The fuel-air rutio wos then determined from the total
fuel flex with the ald of the angine confrol chart. In tha case of
fuel blends tiat foliouwed the recliprocal blending reiaticn, the
obsorvad fusl~air ratio syutled the desired fucl-ulr ratio.

For blends that did not follow the reciprocal blending ralation,
the fuel flows were adjusted by trial and error until the correct fuel-
air ratio at the kmock-limit was obserwed.

For aromatlc fuels this proceadure was modified becauss the knock
limits of the pare aromatics weare too high to be determined within
the limitatiors of the sguivmant.

The coolintezil flow in all tests was s0 adljustad that the tem—
purature of the rear spark-nluc boss was maintained at a constant
value of L4OO° ¥,

Nenarzlly, the mirturc-resronse knovk curves fer any pair of
fuel components and for varicus blends of thesc components wers
obtained dwuring tha sane day. This procudure was followed to elimi-
nate the effect of any Jday-to-~day changss in sngine operating condi-
tionse.

PRECTETON OF DATA

The gr--1tast single source of error is in the measurements of
£uel flow. ITrasmuch as two geparate systems werz used, the acci-
dental errors in rcadings would be expectod to be largar than lhe
orrors encountored with one fu«l systoms Whon the two compon~uts
were blended, the rotameteor readiogs rore sualler than the readings .
ordinarily sncoumte~red, aspeclally when only a small amount of one
component wae enlering into the blend.
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Another source of error peculiar to these tests is thoe diffi-
culty of determiaing from the oscilloscope trace whether the knocking
is of' the-same intensity when operaling- over. a.range .of widely
varying power levsls. The power-lavel rangs covered in a series of
blending tests on two components may be much greater-than that
encountored in the ordinary mixture-response knock test.

When a datum point did not fall near the dssired fusl-air ratio,
it was necessary to fair a curve through it to the desired fuel-air
ratio. In some cases where there was a considerable increase in
powar in going from the lowsr-grads component:' to the higher and
where the two mixture-response curves wern not of the same shape, the
fairing of these interpolated-curve segments introduced an appreciable
egrror.

RISULTS

The results of the tests arc shown in figures L to 16. rart (a)
of each figure givas the knock-limited indicated mean effectives prus-
gsure and the indicated specific fuei ccusumpiion for thr fusl compo-
nents and ths blends plotted against the tusl-air ratio. Part (b)
of each figure is a cross plot of the percentage by weight of the
higher—grade compone.nt in the blend, against the knock-limited indi-
cutrd mean effective pressure fur the data prescntod in part (a) at
a fael-air ratio of (.10 and a fuel-iir rabic o VW.07 or 0.075. Thoe
verticil scale is an inveried recinroczl scale. $hon plottad in this
mannar, the data shouwld fall on a siraishn Line if tho rasalis avas
rapresentsd by equation (1). The values irn rart. (b) of each figure
ar2 not actual trst points but are picked from thez internectisn of
the mixture-rosponss—curve scrmenbs and the deosirsd fel-air-ratio
line.

Blending characteristics of two gasolines. — Figur: L shows the
data obtaineé‘ﬁy blending a 130~grnde furl with a 62-octana fucl to
which had beson added tetractiyl lead in ths same concentration as that
in the 130—grads fuels The data for both fuel-sir ratios lie on
straight 1linas in figure L(b), which shows that blending equation (1)
is applicable to blends of thesa fuels wrler the test conditions.

Blending characteristice of paraffinic fucls, = The results of
tests in whicli 9=3 referancn fuel plus B0 ml tetraethyl lead was
blended with 50 percent M-h reforsncs fuel plus 50 percent S-3 refer-
cnce fuel plus 6.0 ml tetrasthyl lead are shown in figure 5. At a
fuel-air ratio of 0,10, a stralght line represants the results. At
a fuel-air ratio of 1.075, tharc is a consistent deviation of the
testh c(la‘;.a. from tha atraiglit—-line relatinnship predicted by equa-
tion (1). '
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Figure 6 shows the test results of blends of aviation alkylate
and 62-octane fuel, both highly paraffinic fuels. Figures 7 and 8
present the test results of blends of the same two fuels, each
plus 3,0 and 6.0 ml tetraethyl lead, respectively. In all three
cases, equation (1) applies to tests at a fuel-alr ratio of 0.10.
Deviations from the values predicted by the equation occur at a
fuel-air ratio of 0.075.

Blending characteristics of an olefinic fuel, - The results of
tests with B%enas of diisobutylene and &2-octane fuel are presented
in figure 9. The fuels wers blended only at a fuel-air ratio of
approximately 0.10 because the mixture-response curves showed that
there was little difference in the knock=limited power levels of the
two fuels when tested under lean-mixture conditions. From fig-
ure 9(b) it is apparent that the test data deviate considerably
from the values predicted by the reciprocal relationship.

Blending characteristics of a naphthenic tuel. - Figure 10
gives the results of hlending tests using cyclopentane and 62-octane
fuel. The mixture-~responge curve for cyclopentane is similar to
that for diisobutylene in that the knock-limited performance with
lean mixtures is little better than that for 62-octane fuel; conse-
quently, blends were tested only at a fuel-air ratio of approximately
0.10. The blending characteristics of cyclopentane are similar to
those of diisobutylene.

Blending characteristics of aromatic fuels. — Hesults of blending
tests using toluene and b62-octane fuel are shown in figure 1l. When
toluene or other aromstic f1els were blended, 1t was impossible to
obtain knock-limited performance data for aromatic corncentrations
higher than about 80 percent because of the occurrence of preirnition
before knock. The data for neither of the fuel-air ratios tested
check the reciprocal blending relation (equation (1)). The curvature
of the lines in fipure 11(b) is opposite to that for th: curvas in
fipures 9(b) and 10(b).

Figures 12 and 13 show the blending characteristics of benzene
vhen blended with 82-octane fusl »nd when blended with aviation
alkylate, respsctively. The data for both series of tests are simi-
lar to those obtained by blending toluene and 62~octane izl (fig. 11).

Figure 14 pives the results of blending 2 mixturc of 66 percent
benzene in 3l porcent aviation alkylatz with a mixture of 66 percunt
benzene and 3L percent A2-octanc fuel. The dashed line in fig-
urc Ui(b) will be reforred to later.

Blending characteristics when xylidines are present in the {uel
components. - Figure 15 presents the results of blending aviation
alkylate rlus L.5 ml tetraethyl lead per gallon with 62-octane fuel
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plus };.5 ml tetraathyl lead without xylidines and figure 14 vresents
rasults with 3 percent xylidines added to each cf the same two fuels.
The results-are similar to those previously.presented for hlends of
aviation alkylate plus tetraethyl lead and 62~octane fuel plus totra-
ethyl lead. The knock-limited indicated mean effective pressure
observed agreed within 5 pounds per square inch with the values given
by blending =quation (1).

Blending characteristics of fuel components containing unequal
concentrations of tetraethyl lead. -~ In order to illustrata the
blending characteristics of fuel compcnents with unequal tetraethyl-
lead concentrations, 130~grade fuel wmas blended with 62-octana fuel
containing no tetraethyl lsad (fig. 17). As was expected, thers is a
large variation from i1he r=aciprocal bvlending relation.

Figurs 18 shows ths daia obtainud by blending 3-3 reference fuel
plus 6.0 ml tetrasthyl lead por gallon and blendine £-% reference
fucl plus 2.0 ml tetraethyl load per giullon with 5-5 refarcnce [uel.
These blonds were tesied in order to determine any irregularitiss in
the lead-suscontivility cuwweve Lfor 5-% rofercnce fuel. The results
plotted in Uigure 13(DL) show that a distinet irrcgularity in the sus-
ceptlibility curvs exists in the region from 2.8 to 1.4 ml tetrasthyl
Lle:ad per gallon.

DTSCUSSION OF RiSULTS

Applicability of rocinroecal blending rclationshin., — All testas
with paralfinic fuels and Ls0—prraie avialion fu2l shcwed that the
reciorocal blimnding relalionship, as asprassed by —-juation (1), vas
annlicabl~ at a furl-air ratio ol N,10 under the conditions testod,
Only a fow of the tnsts at fuel-alr ratios of 0.N7 and 0.075 agreed
with cquation (1), although unpublishnd results of tesis conducicd
on 3 standacd '~y Liquid-coolnd #ngine at this laboratory have shown
that ihes rociprocsl Wlending reletimmship is applicable to pararfinie
fuels at lean mixtur:ss in this engine. The differonce batween the
Ltest resulits with an air—cool=d cylindor and #ith a liquid-coolzd
cylindor may be caused by th: diffsrenccs in the temperature-
distribution pati=rns in ths cylinders.

The ruclproeal blanding relstionsidp was applicable to blends
containing benzene when the blends were tasted at a fuel-air ratio
of 0.10 and when th: concantration of the banzene was the sams for
all blends tested, as is illustrated in-figure llj. Sizilarly, fig-
ure 16 shows that the reciprocal blendin~ relztionship was applicable
to blends containing xrlidinas whsn the conczntration of xylidines
wag the samx: for all blands.
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The blends mentioned in the precediug paragraphs with the addi-
tion of totraethyl lead follow equation (1) provided that the concen-
tration of tetruethyl lead is the same for all blends. A ientative
conclusion is drawn as follows: If the reciprocal blending relation-
ship applies to the kncek limiis of blends of two fmels, the addition
of a third fuel or additive in equal concenlrations in the fuels will
not affect tie nature of the blenlint rzlationship, even though the
third comuounent has a quantilative effect upon the Imueck limits of
ihn blends,

Temperature effects in funl blending. ~ The blerding equation
applicable to supsreinrgac-eugioe kanck tests was derived using ithe
assumrtion that the crelic and thn end-gas temperatures romain con-
stant for all blends tested., if Lhis-assumption were acl applicable,
but instead the tewpsraturecs variud for different blends, eguation (1)
would not bold; that is, a straight line would not be obtained when
the inddcated mean effcctive presswres for different blonds are plotted
azainst the peresatage composition on reciprocal griaph paper. Any
hzul transfer to or from thc charge heforg tha completion of combustion
will affect the end-gas iemporature. IFf the ueat transter varies for
differcnt blemds (that is, for different powar levsls), Lhe rosualts
would not bo expacted to check with =3iation (1).

Another assumption made in the A.rivatioa o ihe blending eyuation
was that 21l blends are tesloed at stiricldowetric fuzl-air ratio or with
a constant percunte:e of excess fuel or air. Knock data for bl:nds of
two furlo such as isooctanz and bxnzerz whan tcsted at constant fusl-
air ratio would not e oxr2clzd to £nllow Lhe raciprocal blending roela-
tion becausc the stolchlemstric fusl-air ratio For isoocta.2 is 0.0855
as coupared with 0.074h for banz.ne.

In th> avs.nece ~T any method of detorudning th ead-gas temnera-
turs and controlling it within dafinita lindits, Lt was decided in the
present tests to conlrol the inl wt—-mixture {omperatars and the cylinder
head temperaturs by so adjusting the cooling-air flow that the tempir-
atura of somo r.forcnce maint on the cylinisr wonld ramain constant.
The thermocounl= install:d in the r:ar spark—:'lug boss was s.:2lected
as the temperaturz-refercence pointe The dszta obtained in this nmanncr
might be exreetud to follow tie. blenwing =2gsalion (1) clesaly if the
refvrones temporatur. wers clowcly related to thy end-pas tems-rature.
If th rofer nce point werc not a gond indication of the aff-ct of
cylinier-wiil temperatar:s uron tesperatirs conditicas within the cyl-
indur, tha data wonl not b wxpuctol to £ollow the blending r-lation.
If anotlher point wor. aalect d, however, to be wsed as a constant-
tomparature referine: in controlling th. cooling—air flow, it would
perhaps be possiblis to change the test conditions in such a mannor
that a1l data would me takon und=r the same temperaturs conditions
within thy cylind.r and conse=guently permit a check on the blenling
cuation and tha aszsumptions on which it is bused,
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inother fact which indicates that temperature variation may

.. hava cauead deviations from the reciprocal blending relation is

the failure of blends of benzere, diiscbutylene, and cyclopentane
(which are tomperature-sensitive fuels) to follow the reciprocal
blending relation. It is noted, however, that the blends of benzene
depart from the reciprocal blending relatlon in the opposite dirac-
tion from the departures observed for blends containing diisobutylene
or cyclopentane. These opposite 2ffects are not readily explainable
on the basis of temperature sensitivity and it is probable that

other considerations such as diffsrences in stoichiometric fuel-air
ratios enter into the blending relationship.

Load susceptibility of S5-3 refersnce fuel. - It was montioned
earlier in the repnrt that irregularic¢ies occur in the lead-
susceptibility curve of 3 reference fuel. '[hese irregularities are
not a rlesiravle feature in re~ference-tus). systes Lecausc tiey neces~
sitats testing a lavgn nusber of t-trasthyvl-load concentraticns in
ordsr to rat: accurately funls lying in this ranei. Lt Is also gques-
tionable whether this chacaclnrictic would L= found under all test
conditions and, if it should, =whet:qor the irregularity would always
appzar at the samc te btracthyl-lead concentration ana rrould be of the
same mufnitlule.

The discontinuity between the preosent rating sealeg for fucls
below 10J3-octanc rating and l'or thoga above 1C0-oclan> rating is
another undesir:bls fzature of the pree:nt fusl-rating Lramework.

A melbnd of fuel ratine which would elsminat~ these two obLjze-
tions to th2 pres:int r -ferance-usl gystems an: which has heen pro-
possd by ollhnr reacarch mwerkors would ba Lo us-: S referanc: fu-l plus
6.0 ml tetrasthyl lead per nallon and ¥ refereace tusl plus 6.0 ml
tetracthyl L.ad per s2llom; the ratings would be given in porcintage S
plus 5.0 ml tetrasthyi lead per gallon in ¥ plus 6.0 ml tetracthyl
lead ner gallon. ith these two rofarence fusls, there would Le no |
discontinuity or irreyularity in fuel-rating systuems in the rogion
of groatest prascnt intorest. Figure 19 is a8 graph for the conver-
sion of ratings giwven as tetrazthyl 1lead in S-3 rofercnce fuel to
ratings given as parcentage 5-3 plus 6.0 ml tatracthyl lzad in -l
Plus 6.0 ml tetracthyl l:ad as determined in the prescnt tests. Ref.-
erence fuels containing as much as 6.0 ml tetracthyl lead por gallon
have not proved to b2 entirely satisfactory from the consideration of
reproducibility of calibration.

The Coordinating Rescarch Council is comsidering and the British
Alr Ministry has suggisted the uss of leadzd S and ¥ reforenco fuels
containing toluoene in ordir to give rafercnce~fucl characteriatics
more nearly similar to commonly usad aviation fucls.
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Effectiveness of xylidines. ~ The effectiveness of xylidines
in blends of paraffinic fuels can be found by comparing figures 15(b)
and 16(b). The lines in figures 15(b) and 16(b) representing the
knock -1limits of the blends at 0.10 fusl-air ratio have been redrawn
in figure 20. The fact that extensions of both lines intersect the
infinite knock-~limit 1line at the same point shows that the percentage
increase in power resulting from the addition of xylidines was the
same for all blends regardless of their knock limits.

BLENDING RELATTONS APFLICABLE TO BENZENE BLENDS

Extension of blending formula. - A previous section of this
report stated that variation of end-gas temperature resulting from
variation of cylinder-wall temperaturss with the lknock 1limit may
account for some of the disagreements between the test data and equa-
tion (1). It was therefore decided to aprly some modification of
equation (6) in reference 1 to supercharged engine knock-test data.
One modification of the equation is:

NlBl + N2B2 + H}B} + & o o
where

Bl' Bz, B;, . ; « blending constants for components 1, 2, 3, . « . ,
respectively

The derivation given in reference 1 for equation (6) is not
unique. Various forms can-be Jerived; the choice of tiae form given
was based upon convenienca in application. Another form of equa-
tion (2) whose relation to equation (1) can be seen by inspection is

+ o0 o (3)

Niﬁl + N2$2 + N3ﬂ3 + o » o Nlﬁl NZB2 H}ﬁ}
Py "R YR YT
where

Bl' Bos ﬂ;, s « ¢« blending constants related to the constants
By, Bo, B3, e o » by the folloying equations:

PL = ABy
P2 = PpBy

ﬂ} - P333 » etce
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Applications of hoth equations will give identical results.
Equation (2) reverts to equation (1) when FqBy = PpBp = P3B3 and
equation (¥) reverts to-equation (1) when. p}.= 8, = B3+ Equa-
tion (3) will be used in the succesding analysis because the value
of B 1is the same for all fuels whose blends follow the reciprocal
relation.

It was stated in reference 1 that the blending constant p for
any fuel component is a constant for that component regardless of
what other fuels are in the blend. In the determination of the
blending constants for a series of fuels, it is advantageous to let
the constant for one of the fuels eqral 1,00 and evaluate the con-
stants for the other fuels relative to that for the base fuel. In
the present analysis the valuz of 8 for 8~3 reference fuel is
chosen as 1,00.

In order to check equation (3), thie data for the binary and the
ternary blends of benzene, slkylate, and 62-octane fuel at a fusl-
air ratio of 0.10 are considered. Figure 21 gilves the knock limits
of blends of benzene in 62-octane fuel, benzene in alkylate, and
alkylate in é2~octane fuel. The data wers replotted from fimires 6,
12, and 13.

The first step in the analysis was to find the values of 3 and
P for alkylate and $2-octane fuel. The assumrtion was made that
blends of alkylate or 62-octane fuel with S-3 reference fuel follow
tne reciprocal rel~tionship becruse these fusls are paraffinic. The
value of B is therefore 1,00 for each of these fuels. The knock-
limited indicated mean effective pressures of S$-3, alkylatc, and
62-oct=ne fuel are 218, 209, and 104 (average of 100 and 108 found
in firs. 6 and 12, respectively) pounds per square inch.

The second step was to plot the knock-limited data for blends
of 62-octane fuel and benzene, as is shown in figure 21. A hyperbola
was fitted to the data by using the knock limits for 62-octane fuel
and two blends. Data, as picked from the hyperbola, were selected
to be used in estimating the value of 8 for benzene, which will be
explained in the third step. The knock limits cf two purs components
and one blend can usually be sxperimentally determined but no knock
limit for pure benzene could be found.

The third step was to find the values of P and 8 for bhenzene
by applying the data for 62-octanec fuel and two blonde to equation (3).
The solution of equation (3) gave values of 7200 pounds per square
inch for P and 0.33 for A. Actually s slight variation in the
data used for calculating the value of P for b:anzene will markedly
vary the value of P but, where P 1s used for calculating the knock
limits of practicable blends of benzenz, the errors in the results
will bs of th- same magnitude as th: error in ths basic data.
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It was then possible to predict the knock-limit curve for blends
of benzene and aviation alkylate if equation (3) 1s valid, The
values of P used for aviation alkylats and 52-octane fuel were 209 and
10, pounds per square inch, respectively. The values of P and 3
for benzene were 7200 and 0.33, respectively. The curve respresenting
blends of benzene and aviation alkylate was plotted in figure 21 from
equation (3) and test data were also plotted. The predicted curve
agreed excellently with the observed data, It is concluded, thers-
fore, that equation (3) applied to blends of benzene, aviation alkylate,
and 62-octanc fuel.

An analysis identical to the one described i the preceding
paragraphs was applied without success to knock-test data at a fuel-
air ratio of 0.075 for blends of benzene, aviatloan alkylate, und
62-octane fuel. Reasons tor failure of the blending equation sre not
known at the present.

The values of fp as detarrined in this iuvestigation apnly only
to the engine and the test conditiuns employed in the investigation.
It would be unsafe to draw concluslons regarding the generality of
equation (3) based upon results of tests with one trio of fuels.

Representation of three—-componcnt blends with trilinear grabh. -
The knock-limited indicated miean eifective Jressure of thres—comlonent
blends for which the binary blends arc¢ shown in fisure 21 can be rep-
resented by a trilinear granh, as illustrated in {igure 22, All points
with the same indicated mean effective pressure lic on a straight line
and all lines of constant indicated meun effective prassure pass
through a common pola, The validity of the prece-ling statement will
be checked by analogy belween figures 22 ani 23.

Figure 23 1s a modification of firure 1 of reierence 1, The
abscissa is the blending constant. Lines of constant knock~limited
indicated mean eifective pressure pass tarough the origin and the
slopes of the lines are inversely pronortional to the indicate:l mean
effective pressuresa. The points remresenting S-3 relerencs fuel,
aviation alkylate, 62-octane [uel, and banzene have been plotted.
Points representing any blend of two of ths comnonents lie on a
straight line joining the points representing the components, and the
blends divide the line in proportion to the composition of the blends.,
A composition triangle for benzene, aviation alkylate, and é2-octane
Tuel is shown in the figure, .

The pole of the inlicated mean effective pressure lines in fig-
ure 22 corresponds to the origin of figure 23 and the equilateral
triangle in figure 22 corresponds to the composition triangle in fig-
ure 23, Figure 22 is, in fact, simply a distortion of figure 23,
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An experimental check of figure 22 can be made with the data
given in figure 1l4(b). The dashed line. in figure 1L(b) represcnts
the knock limits predicted from figure 22 for blends of alkylate
and 62-octane fuel, each containing 66 percent benzene. The exper-
imental data agree with the predicted values within an indicated
mean effective pressure of L pounds per square inch.

For blends of three fuels where the recfprocal relation applies
for all blends, the lines of constant indicated mean effective pres-
sure, in a figure similar to figure 22, will be parallel,

APPLICATION OF RESULTS TO FUEL RATINGS

It is usually desired to deal with the knock ratings of fuels
expressed in terms of equivalent reference-~fuel blends rather than
direct application of knock-limited indicated mean effective vres—
sures. If equation (1) applies to the knock limits of the reference-
fuel blends, the following modifications of equations (1) and (3),
respectively, may be used:

Sp = SqNp + SgNp + SzNz + + « & (L)
or
s, = SiM181 + SoNoBy + S;’NBB3 + e oo ()
“191 + NyRsy + N3n3 + s o
where
Sb knock rating of blend expressed as Percentage of
high antilmock fuel in corresponding reference-

fuel blend

Sl' 32, 83, « « « knock ratings of components 1, 2, 3, . . . , respec~
tively, expressed as percentage of high antiknock
fuel in corresponding reference-fuel blend

In blends to which equation (4) applies, the ratings are a
linear function of blend composition. For blends to which equa-
tion (5) applies, the reclation is hyperbolic.

All the analysis given in the preceding section of this report
can be repeated in terms of fuel ratings (using equations (L) and (5))
instead of knock~limited indicated mean effective pressures. As an
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illustration, all data from figures 21 and 22 have becn replotied

in figures 2l and 25 in terms of percentage of S-3 plus 6.0 ml tetra-
ethyl lead in corresponding blends of S-3 plus (.0 ml tetraethyl lead
per gallon and M~L4 pluc 6.0 ml tetraethyl lead per gallon. The fig-

ures, as shown, have ordinatecs in cxcoss of 10D percent of §-3 plus

6 ml tetraethyl lead. This concept is used ss a convenienc~ in esti-~
mating the knock ratings.

FifFure 24 permits evaluation of the concept of "blending octane
nmumbers." Thne blending octane number is usually found by ohtaining
a knock rating on a2 blend consisting of 20 percent of tae fuel in
question and 80 perceni of a selected hase fuel whoss rating is
knowm. A linear extrapolation teo 1CO percent of the lest fuel gives
the blending octane number of the fuel. The blending oclane number
is sometimes used for estimating the ratings of blends contalning
20 percent of tne test fuel in nnother base fuel whose rating is
known. A check on this metnod will be made by applying the data for
blends of benzene with 62~octene fuel end aviation alkylate (fig. 2L).

The rating of pure benzene fournd hy linecar extrapolation from
the ratings of &2-octane fuel and a blend of 29 percent benzeno in
62-octane fuel is 62.0 percent of S plus 6 nl tetrnathyl lead in
M plus 5 ml tetraethyl lead. The rating of pure aviation alkylate
is 76.5 and the estimated rating of 20 percent of henzene in aviation
alkylate by lincar internolation betreen 76.F7 and 42,0 ic 73.5. The
method predicts a rating of 73.5 when 20 percent of benzene 1s sdded
to aviation alkylate as comparsd with an observed increase to 81.0.
It is thereforz conclucded that the use of blending octane numhers to
astimate the ratines of fuel blends is nct senerally applicable,

SULMARY QF RESULTS

In a series of terts conducted to investirate the relation
betwean the knock limit aud the blend composition of aviation fuels
when tested under supercharsed conditione in an air-cooled aircraft-
engine cylinder, the following results wer:z obtaincd:

The reciprocal oi the knock-limited indicaled mzan effective
pressure of the binsry fucl blends wns a linear function of blend
composition for paraffinic fucls when tested at a fuel-air ratio of
VelO. This result was also truc fur bLlends of parafiinic fuels con-
taininf benzeone, tetracthyl lead, or xylidines for 3 constant concen-
tration of one or more of these two matorials in the blonds. Data
laken at fuel-air ratios of 0.07 or 0.07F did not cerrelate well with
the derived reciprocal relation except in threc cases. Binary blends
of diisobutylene, cyclopentane, toluene, or benzene with paraifinic
fuels did not. follow the r501p*oeal r:lation at either rich or lezn
mixtures,
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Test data for trinary blends of benzene, aviatlon alkylate,
and 62~octane fuel at a fuel-air ratio of 0.10 agreed well with an
extended equation rélating the knock 1imit of fuel blends to the
blend composition.

Aircraft Engine Research Lsbhoratory,
Natlonal Advisory Commitise for Aeronautics s
Cleveland, Ohio.
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APPENDIX

] EMGINE CONTROL CHART
An engine control chart, similar to the one showvn in figure 2,
was used during the determination of the mixture-response curves
for each nair of fuel components and whilr. obtaining datu for bleads
of the two components.

The abscissas of the enginn control chut are valuzs af the
fuel flow in powds per houvr. Trese values were obtainz2d from the
rotameter readings and the rotaseter calibrations -letzreined by
direct weighing. TFor blalel fiels the fucl flov. Ss kthe sun oF the
flows in the t¥n systems supelying the two uel cornonenis,

The ord;natHNfblﬂp, where pl is the wnsghream Hressure al

ths inlct—alr oritice in inches of zercury ahaslute and A» is Llhe
orifice differantial pressare in 1uuhau of satar, is »rowortional

to tiie air flow at o cunstant orifice-alir tLeperatwre, The orilice-
air temperature 1s svfiicicnily rnear a conusuount value that e nar-
ceptible =2rror is introciccd whern tle dato poials are dlottzw in

this mannar or the contiol chart. I'or ti: L.5-incn orifice usad in
this test setup, th2 comoressibility factor ard thu cocfiicicnt of
discharge were constant within 0.5 perceat osvor the racgs of Reynolis
numbers and orifice differenlial nressurzs Lor the air flow supplied
to the Pratt & Whitney r-2300 ceylinicr dnrine omeration, Therefors,

SN
3= K2
where
Q air {low, lb/nr
T oriiice-air temperature, Or absclute
K constant
or

2 = Ky /215

for a constant orilice-air tmmporabura, For the Prast % " hitnzy f-2300
single-cylinder setm

Y= 2h.21~/b1 )
wiien

T =3°p
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Figure 1. ~ Combustion-air and fuel systenms.
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Figure 16. — The knock-limited performance of blends of aviatlon alkylate plus *,5 ml tetraethyl
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Figure 18, - The knock-limited performance of 5-3 reference fuel plus tetraethyl lead. P. & W,
R-2800 oylinder; compression ratio, 6.7; spark advance, 20° B,T.C.; engine speed, 2000 rpm;
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igure fs. = Trilinear graph for rinding the knock ratings of blends of b
2 fuel-air retio of 0,10. Ratings expressed as percentage of 53 plus

ml TEL/gal and M-§ plus 6 =l /gal; P, & W, R=-2800 cylinder; cgngre
zo°°s.1.c.; engine speed, 2000 rpm; inlet-mixture temperaturs, %00 H
400” P; oil-in temperature, 185° P,
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enzene, alkylate, and 62-octane fuei at
6 ml TEL/gal in blends of S-3 plus

ssion ratio, 6,7.spark advance,
rear spark-plug-boss temperature, 91-63
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